We compared annually resolved records of tree-ring width and stable isotope of dead and surviving Fokienia hodginsii (Dunn) Henry et Thomas trees. We provide new insights into the relationships and sensitivity of tree growth to past and current climate, and explored the underlying mechanism of drought-induced mortality in F. hodginsii. Background and Objectives: Drought-induced tree decline and mortality are increasing in many regions around the world. Despite the high number of studies that have explored drought-induced decline, species-specific responses to drought still makes it difficult to apply general responses to specific species. The endangered conifer species, Fokienia hodginsii, has experienced multiple drought-induced mortality events in recent years. Our objective was to investigate the historical and current responses to drought of this species. Materials and Methods: We used annually resolved ring-width and δ 13 C chronologies to investigate tree growth and stand physiological responses to climate change and elevated CO 2 concentration (C a ) in both dead and living trees between 1960 and 2015. Leaf intercellular CO 2 concentration (C i ), C i /C a and intrinsic water-use efficiency (iWUE) were derived from δ 13 C. Results: δ 13 C were positively correlated with mean vapor pressure deficit and PDSI from previous October to current May, while ring widths were more sensitive to climatic conditions from previous June to September. Moreover, the relationships between iWUE, basal area increment (BAI), and C i /C a changed over time. From 1960s to early 1980s, BAI and iWUE maintained a constant relationship with increasing atmospheric CO 2 concentration. After the mid-1980s, we observed a decrease in tree growth, increase in the frequency of missing rings, and an unprecedented increase in sensitivity of 13 C and radial growth to drought, likely related to increasingly dry conditions. Conclusions: We show that the recent increase in water stress is likely the main trigger for the unprecedented decline in radial growth and spike in mortality of F. hodginsii, which may have resulted from diminished carbon fixation and water availability. Given that the drought severity and frequency in the region is expected to increase in the future, our results call for effective mitigation strategies to maintain this endangered tree species.
Introduction
Although forests are the most productive among the terrestrial ecosystems, climate change poses a serious threat to their health. The average global surface temperature has increased by 0.85 • C since the industrial revolution and model-based climate projections for the 21st century anticipate further warming, while changes in precipitation are expected to differ more regionally, increasing in the equatorial Pacific and high latitudes, and decreasing in some subtropical dry and mid-latitude regions [1, 2] . Although climate warming may increase the growth of plants in some temperate ecosystems [3] , some geographic regions may experience increased drought and heatwaves under certain model projections, threatening the health of those ecosystems [4] . Droughts associated with shifts in precipitation patterns and increasing temperatures could result in a widespread reduction in tree vigor and growth [5] and a reduction in primary productivity [6] . As a result, forest mortality and vegetation shifts are expected to occur in the upcoming decades in many regions across the globe [7] [8] [9] .
To better forecast these future forest changes, it is crucial to understand the mechanisms by which trees have adapted and survived through a dry climate. However, species-specific responses to drought may complicate the understanding of drought-induced changes in forests [10, 11] . Despite a wealth of research in the responses of trees species to drought, there is still no general theory to indicate how a particular species may respond to increasing drought. Therefore, species-specific research is still deeply needed, especially for endangered species that may be particularly threatened by drought.
Fokienia hodginsii serves as a good example of an endangered tree species that may be threatened under increased drought. F. hodginsii is the only extant species of its genus. It is an endangered species in southern China and Vietnam with important ecological and commercial value. It is also appreciated for its long lifespan and capacity to grow in marginal environments. At present, its natural distribution range is very narrow and, in most populations, it coexists with evergreen broad-leaved forest species. It is, therefore, critical to understand the influence of changing climate, especially drought, on F. hodginsii growth to predict its response to future environmental change, protection, and to provide sound management recommendation for the species in the future. A previous study has shown the drought-related response of F. hodginsii to climate change in southern China, but the physiological mechanisms causing tree death are still poorly understood, mainly due to a lack of historical information for the species [12] .
Tree-ring data provide an invaluable data source to retrospectively investigate tree growth and physiological responses to climate change. The concentration ratio of stable carbon isotopes (δ 13 C) in tree rings is influenced by the photosynthetic rate (A) and the stomatal conductance (g s ), both of which are influenced by changes in environmental conditions [13, 14] . They are particularly useful for understanding the ecological and physiological changes associated with drought and the mechanisms that cause decline and death [15] [16] [17] . Consequently, exploring δ 13 C in wood tissues is a way to investigate the long-term impact of the environment on tree growth. Intrinsic water-use efficiency (iWUE), which represents the ratio of A to g s , reflects the relationship between fixed carbohydrates and water consumed by plants [18, 19] . It is a comprehensive physiological and ecological indicator for evaluating the appropriateness of plant growth. Higher iWUE can result from reducing g s , increasing A, or a combination of the two processes [20] . Previous tree-ring studies have confirmed that the growth of now-dead trees was reduced to some extent already before the death, while iWUE derived from δ 13 C values was higher [21] [22] [23] .
Based on previous research, we hypothesized that dying trees would have higher values of δ 13 C and iWUE. We aimed to study the changes in growth behavior and sensitivity of F. hodginsii trees to historical drought events based on annually resolved radial growth and δ 13 C data. Specifically, we addressed the following questions: (1) What climatic factors affect the radial growth and isotopic signature of F. hodginsii; and (2) Can the mechanisms underlying the observed tree decline and mortality be elucidated via combining study of radial growth and iWUE analyses?
Data and Methods

Research Area
We conducted our survey at the Xi Shui National Nature Reserve (105 • 50 -106 • 29 E, 28 • 07 -28 • 34 N, 420-1756 m asl), to the northwest of Guizhou province in Southwest China (Figure 1) . The reserve was established in 1994 to conserve natural monsoon evergreen broad-leaved forests of the central subtropics. This area has a typical subtropical monsoon climate (Figure 2) , and averages 1094 mm annual precipitation, 68.4% of which falls during the wet season (May-September). Annual mean relative humidity is 84.2%. Annual mean temperature is 13.3 • C, with the lowest mean monthly temperature in January (2.7 • C), and the highest in July (23 • C). It has an undulating topography with steep hills, and shallow soils characterized by low water retention.
F. hodginsii is one of the dominant evergreen conifer tree species in this area. It commonly shares the canopy of dense mixed evergreen and deciduous forests with species such as Pinus massoniana Lamb., Pinus fenzeliana Hand.-Mazz, and Cunninghamia lanceolata (Lamb.) Hook. F. hodginsii is distributed primarily in Vietnam and southern China, and it is now recognized in China as an endangered species due to a prolonged and intensive logging history [24] . F. hodginsii populations in the study area are perhaps amongst the highest latitude naturally occurring ones of the species (Supporting Information Figure S1 ). 
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Climate Data
The closest meteorological station to our study sites (~30 km) is Xi Shui, from which we could obtain monthly climate data from 1960 to 2015, including mean temperature (T), total precipitation (P), relative humidity (RH), and sunshine hours (SH). Temperature and RH data helped compute the 
The closest meteorological station to our study sites (~30 km) is Xi Shui, from which we could obtain monthly climate data from 1960 to 2015, including mean temperature (T), total precipitation (P), relative humidity (RH), and sunshine hours (SH). Temperature and RH data helped compute the vapor pressure deficit (VPD = saturation vapor pressure (e s ) at air temperature, minus the actual (e a ) vapor pressure), one of the main regulators of stomatal activity:
Here e s = 0.611 × 10ˆ(7.5 × T/(237.3 + T)) and e a = (RH/100) × e s . T is the mean temperature, in degrees Celsius ( • C); and RH the relative humidity, in %. Additionally, we obtained data from the CRU (Climate Research Unit, University of East Anglia) TS v. 4.01 on monthly wet days duration (WDD), cloud cover (CC), Standardised Precipitation-Evapotranspiration Index (SPEI), and self-calibrating Palmer Drought Severity Index (scPDSI), available at http://climexp.knmi.nl.
Core Sampling and Analysis
Our tree-ring data was collected from living and dead trees (Table 1) , sampled in November of 2014 and 2016 [12] , at 1200-1270 m altitude range within the Xi Shui National Nature Reserve (Figure 1 ). Dead trees were collected in a precipitous slope in Wangxiantai (SCH01), a scenic area. Trees were still standing and had no green needles remaining in their crown. It is known that most of these mature F. hodginsii trees died in recent years (2007 to 2013) [12, 25, 26] . Not all dead trees were sampled because of the rapid wood decay rate in this subtropical monsoon climate. Only ten out of the total 17 dead trees were cross-dated accurately from pith to bark, the period in which tree death occurred can be generally represented. As F. hodginsii trees in SCH01 were almost all dead, and would have been difficult to compare with the living trees. We collected living trees in SCH02, which was environmentally similar to SCH01. SCH02 is located ca. 3 km away from SCHO1, which we hope makes this a useful comparison. SCH02, however, had no standing dead trees. Two or three increment cores per tree were sampled at breast height (1.3 m). Cores were air-dried and sanded before the ring-widths were measured with a precision of 0.001 mm. We used COFECHA software [27] to statistically verify the tree-ring cross-dating. Dead and living trees cross-dated well with each other, giving us the chance to use a single conflated chronology. We used the ARSTAN software to standardize the ring-width series [28] , using a negative exponential or linear growth curve to eliminate nonclimatic signals [29] . Subsequently, the biweight robust mean method was employed to merge the detrended index series into a standard (STD) chronology.
For each tree-ring value we also estimated the annual basal area increment (BAI) from pith to bark by assuming concentric tree rings as [30] :
where R is the radius of the ring width from trees selected based on distinct growth rings in a given year, and n is the year of tree-ring formation. 
Carbon Isotope Chronology and Calculations for iWUE
Five trees (three dead trees and two living trees), with no absent rings or obvious growth disturbances that could alter our measurements, were selected for the δ 13 C analysis ( Table 2) . The resulting δ 13 C chronologies covered a common period from 1960 to 2007. We extracted wood material for each annual ring using a sharp blade under a binocular microscope. Each ring was further separated into small sections and packed into centrifuge tubes for further chemical treatment.
We extracted alpha-cellulose content using the "acetic acid: nitric acid mixture" method based on an extraction method of Jayme-Wise, optimized by Brendel et al. [31] . For the δ 13 C analysis, the samples were packed into tin capsules, with a sample weight ranging from 0.09 to 0.12 mg. The δ 13 C values were determined at Lanzhou University using a Flash Elemental Analyzer (Flash 2000) coupled with a Thermo Scientific MAT 253 (Thermo Electron Corporation, Bremen, Germany, precision 0.1% ). The Graphite standard (δ 13 C = −16% ) was used to calibrate the tree-ting δ 13 C values. The ratio of 13 C to 12 C (δ 13 C) is expressed in parts per thousand (% ), as:
where R sample and R standard represent the 13 C/ 12 C ratios in the sample and in the Vienna Pee Dee Belemnite (VPDB) standard, respectively. The standard deviation of our isotope measurements was 0.05% . The raw δ 13 C chronology showed a decreasing trend attributed to the rise of 13 C-depleted atmospheric CO 2 due to fossil fuel burning and deforestation since industrialization (the Suess effect). The Suess effect was adjusted by amending individual tree-ring raw δ 13 C back to preindustrial settings [32] using the following equation:
where C corr is the corrected δ 13 C of plant. δ 13 C plant and δ 13 C atm are the stable carbon isotopic values of plant cellulose and ambient air, respectively. The intrinsic water use efficiency (iWUE) is the ratio between carbon assimilation rate (A, photosynthesis), and stomatal conductance (g s ). iWUE informs on the long-term trends in the internal regulation of carbon uptake and water loss of plants. iWUE for each ring can be estimated by δ 13 C values using the equation:
where C a and C i are the atmospheric and intercellular CO 2 concentrations; a (≈4.4% ) and b (≈27% ) are the diffusion-induced and biochemical fractionations, respectively [13, 14] .
Climate-Growth Relationships
Pearson correlation analyses were used to characterize the relationship between δ 13 C values and radial growth and climate, with both monthly (from previous March to current October) and seasonal variables (spring: March-May, summer: June-August, fall: September-November, winter:
December-February). We specifically tested the relationship with total precipitation, mean temperature, wet days duration, scPDSI, sunshine hours, relative humidity, potential evaporation, and SPEI6. The temporal stability of the climate-growth and isotope-growth relationships were explored via 21-year running correlation analyses, applied to the chronologies and meteorological data. To explore the potential effects of climate change, we also divided the time series into two approximately equal periods (1960-1984 and 1985-2010) and applied simple linear regression models for each of them and quantified the temporal variation in the δ 13 C chronology responses with changing climate. We followed the same methodology, using C i , C i /C a , iWUE, and BAI as response variable to assess their temporal trends.
Results
Climatic Characteristic
The study area has become drier since the late 1980s as RH and PDSI decreased (Figure 3 ; Supporting Information Table S1 ). Since 1960, Xi Shui station show similar climatic trends than those of other places in southwestern China [33, 34] , with increasing temperature (slope = 0.016 • C/year, R 2 = 0.28, p < 0.01), while the annual precipitation and sunshine hours had no significant trends. Annual VPD also increased significantly (slope = 0.001 hPa/year, R 2 = 0.13, p < 0.01). Consistent with the VPD increase, though less pronounced (only spring and autumn), annual RH showed a negative trend, with a maximum decrease rate at −0.069%/year (R 2 = 0.20, p < 0.01) in autumn. Detailed climatic conditions in the study area are shown in the Supporting Information Table S1 . 
Temporal Characteristics of δ 13 C and STD Chronologies
The raw δ 13 C series had a decreasing trend (a slope of linear regression: −0.0156 ‰ year −1 ) from 1960 to 2007, ranging from −24.13‰ to −21.44‰ (Figure 4a ) due to the Suess effect. The overall average was −22.55‰ (standard deviation = 0.58). After adjusting for the Suess effect, the δ 13 Ccorr series did not reveal an overall trend. Figure 4b shows the individual and the mean δ 13 Ccorr series after adjusting for the atmospheric δ 13 C.
The growth chronology showed a drastic reduction in radial growth from 2005 to 2014, 
The raw δ 13 C series had a decreasing trend (a slope of linear regression: −0.0156 % year −1 ) from 1960 to 2007, ranging from −24.13% to −21.44% (Figure 4a ) due to the Suess effect. The overall average was −22.55% (standard deviation = 0.58). After adjusting for the Suess effect, the δ 13 C corr series did not reveal an overall trend. Figure 4b shows the individual and the mean δ 13 C corr series after adjusting for the atmospheric δ 13 C.
The growth chronology showed a drastic reduction in radial growth from 2005 to 2014, consistent for both dead and living trees (Figure 4 and Supporting Information Figure S2 ), corresponding with a ten-year drought period in the study area (Figure 3) . The average annual tree-ring index from 2005 to 2014 is 0.52, substantially lower than the long-term mean and the mature F. hodginsii also died in this time period. 
Climate Response of STD and δ 13 C Chronologies
Our results indicated a tight connection between the growth of F. hodginsii and drought and heat-induced water stress ( Figure 5 ). Tree growth showed a consistently significant negative relationship with VPD and T for the whole period from previous June to September, while higher RH significantly increased growth from previous June to September (p < 0.001) (Figure 5a ). The effect of SPEI6 was mainly positive and concentrated in the period from previous July to current February, with the strongest correlations (p < 0.01) found with conditions during previous autumn and winter (SPEI at other timescales is shown in Supporting Information Figure S3 ). All monthly scPDSI (previous March-current October) were positively correlated with tree growth, with the strongest being that of previous autumn conditions (R = 0.63, p < 0.001).
The δ 13 C chronology responded more strongly to the climate conditions from previous autumn to current spring (Figure 5b ). The δ 13 C chronology showed significant and positive responses to VPD from previous October to current May, and significant and negative responses to RH from previous September to current May. Interestingly, aridity, measured as monthly scPDSI, had a very consistent and strong effect during all of the studied periods (previous March-current October), being strongly negatively correlated with δ 13 C. The highest correlation was found with conditions during the dry season (previous November-current March) (R = −0.63, p < 0.01). Overall, these results indicate that 
Our results indicated a tight connection between the growth of F. hodginsii and drought and heat-induced water stress ( Figure 5 ). Tree growth showed a consistently significant negative relationship with VPD and T for the whole period from previous June to September, while higher RH significantly increased growth from previous June to September (p < 0.001) (Figure 5a ). The effect of SPEI6 was mainly positive and concentrated in the period from previous July to current February, with the strongest correlations (p < 0.01) found with conditions during previous autumn and winter (SPEI at other timescales is shown in Supporting Information Figure S3 ). All monthly scPDSI (previous March-current October) were positively correlated with tree growth, with the strongest being that of previous autumn conditions (R = 0.63, p < 0.001). The δ 13 C chronology responded more strongly to the climate conditions from previous autumn to current spring (Figure 5b ). The δ 13 C chronology showed significant and positive responses to VPD from previous October to current May, and significant and negative responses to RH from previous September to current May. Interestingly, aridity, measured as monthly scPDSI, had a very consistent and strong effect during all of the studied periods (previous March-current October), being strongly negatively correlated with δ 13 C. The highest correlation was found with conditions during the dry season (previous November-current March) (R = −0.63, p < 0.01). Overall, these results indicate that water conditions from the previous winter to the current spring are the most influential on δ 13 C for F. hodginsii.
Additionally, growth and δ 13 C responses to seasonal conditions were consistent with that of monthly variables, with slightly higher correlation coefficients ( Figure 5 ). Overall, our results highlight the strong effect that water availability during previous growth seasons and early growing seasons exerts on radial growth and δ 13 C values. highlight the strong effect that water availability during previous growth seasons and early growing seasons exerts on radial growth and δ 13 C values. The 21-year running correlation analyses of δ 13 C and tree growth with climate variables suggested that growth-climate and isotopic composition-climate relationships were highly unstable and showed an increasing response to drought over the studied period ( Figure 6 ). The correlation values between δ 13 C, radial growth, and climate (RH, precipitation, VPD as well as SPEI) were mostly not significant before the mid-1980s. Since then, correlation coefficients sharply increased and became highly significant ( Figure 6 ). This change is consistent with the trends of climate (Figure 6 ), suggesting that the high correlation after the mid-1980s is likely related to drier climatic conditions associated with increasing temperatures and VPD and decreasing precipitation, RH and, consequently, scPDSI (Table S1 and Figure 3 ). The 21-year running correlation analyses of δ 13 C and tree growth with climate variables suggested that growth-climate and isotopic composition-climate relationships were highly unstable and showed an increasing response to drought over the studied period ( Figure 6 ). The correlation values between δ 13 C, radial growth, and climate (RH, precipitation, VPD as well as SPEI) were mostly not significant before the mid-1980s. Since then, correlation coefficients sharply increased and became highly significant ( Figure 6 ). This change is consistent with the trends of climate (Figure 6 ), suggesting that the high correlation after the mid-1980s is likely related to drier climatic conditions associated with increasing temperatures and VPD and decreasing precipitation, RH and, consequently, scPDSI (Table S1 and Figure 3 ). 
Temporal Variations in Ca, Ci, Ci/Ca, BAI, STD, and iWUE and Their Correlations with Climate.
During the past 60 years, Ca increased from 310 to 404 µmol mol −1 , while iWUE and BAI showed contrasting trends in each period (Figure 7a ). During the relatively wet period between 1960 and 1984, Ci increased with increasing atmospheric CO2, iWUE remained stable (Figure 7c ), consistent to the Ci/Ca trend (Figure 7b) , and BAI remained consistently high (Figure 7d ). However, from 1985 to 2010, radial growth decreased abruptly and reached its lowest value in 2010 at about 45% lower than the long-term average. This happened despite continuously increasing CO2 concentrations, and was observed both on dead and living trees (Supporting Information Figure S3 ). During this period, Ci patterns were no longer consistent with increasing atmospheric CO2, showing no obvious trend, while iWUE increased significantly. Tree mortality events occurred between 2007 and 2013 ( Figure  7e ), coinciding with unusually dry and warm climate conditions. Similarly, almost all of the missing rings we observed occurred during this period. After 2010, tree growth increased rapidly at the same time as the climate got wetter, and Ci increased, accompanied by rising atmospheric CO2, while iWUE kept stable at high levels. This is not caused by the dead trees' lower growth being removed and increasing the average (Supporting Information Figure S3 ). During the past 60 years, C a increased from 310 to 404 µmol mol −1 , while iWUE and BAI showed contrasting trends in each period (Figure 7a ). During the relatively wet period between 1960 and 1984, C i increased with increasing atmospheric CO 2 , iWUE remained stable (Figure 7c ), consistent to the C i /C a trend (Figure 7b) , and BAI remained consistently high (Figure 7d ). However, from 1985 to 2010, radial growth decreased abruptly and reached its lowest value in 2010 at about 45% lower than the long-term average. This happened despite continuously increasing CO 2 concentrations, and was observed both on dead and living trees (Supporting Information Figure S3 ). During this period, C i patterns were no longer consistent with increasing atmospheric CO 2 , showing no obvious trend, while iWUE increased significantly. Tree mortality events occurred between 2007 and 2013 (Figure 7e) , coinciding with unusually dry and warm climate conditions. Similarly, almost all of the missing rings we observed occurred during this period. After 2010, tree growth increased rapidly at the same time as the climate got wetter, and C i increased, accompanied by rising atmospheric CO 2 , while iWUE kept stable at high levels. This is not caused by the dead trees' lower growth being removed and increasing the average (Supporting Information Figure S3 ). 
Discussion
Drought-induced tree decline and mortality is increasing in many parts of the world, which could fundamentally alter the composition [35] , structure [9] , and biogeography [36] of forests. Recently, mature trees of the endangered species F. hodginsii from a natural forest in YGP in southwest China are undergoing large mortality events [12, 26] . F. hodginsii growing in its range boundary is a good example of an endangered tree species that may be more vulnerable to drought. To develop mitigation strategies and maintain forest productivity, it is important to understand how endangered tree species will respond to severe drought [37] . Our results indicated that water availability during the relatively dry season is the most influential factor on F. hodginsii's growth, suggesting that increasing drought might trigger growth reduction and mortality events in southwestern China F. hodginsii's forests.
Climatic Information Recorded by the Tree-Ring δ 13 C Series
As we expected, F. hodginsii seems to be highly sensitive to climate, particularly to drought, as the calibrated δ 13 C series showed a clear response to the water availability from previous autumn to current spring, whereas high water availability during late summer and autumn in the previous year positively influenced tree growth. The significant association between relative humidity, VPD, and δ 13 C values during the preceding winter and current spring suggested that stomatal closure due to 
Discussion
Climatic Information Recorded by the Tree-Ring δ 13 C Series
As we expected, F. hodginsii seems to be highly sensitive to climate, particularly to drought, as the calibrated δ 13 C series showed a clear response to the water availability from previous autumn to current spring, whereas high water availability during late summer and autumn in the previous year positively influenced tree growth. The significant association between relative humidity, VPD, and δ 13 C values during the preceding winter and current spring suggested that stomatal closure due to water stress may be the key driver that controls the 13 C/ 12 C ratio. δ 13 C values in tree rings reflect the rate of stomatal conductance and photosynthesis not only during the growing season, but also in winter, which makes changes in δ 13 C highly informative to understand the process of carbohydrate assimilation during tree growth [14, 32] . In this sense, it is important to note that, with the exception of January, monthly temperatures in our area are above the generally considered temperature threshold for photosynthesis (5 • C) [38] . Respiration and transpiration rates may be increased by the high temperatures in autumn and winter in the previous years, limiting radial growth in the subsequent year by consuming carbon storage [39] . Meanwhile, a proper moisture budget from previous June to September seems important for an optimal assimilation of the carbohydrates for the next year's growth since soil moisture is usually adequate to sustain foliage water potential and minimize VPD. Moreover, spring conditions also seemed to play an important role in controlling δ 13 C values. Trees should have begun to grow as spring mean temperature is about 13.8 • C (Figure 2 ) in this area [38, 40, 41] . Warm and dry spring negatively affected tree growth through enhancing evapotranspiration and water stress [42] . The stress caused by previous June to September climatic conditions on tree growth has also been confirmed in other regions of monsoonal Asia, for instance, in southeast Asia [43, 44] and the southeastern Tibetan Plateau [45] .
The Physiological Implications of Radial Growth and iWUE
Rising atmospheric CO 2 is expected to positively influence tree growth by increasing carbon availability, which is referred as the "CO 2 fertilization effect" [46] . The clear upward trend of iWUE during the 20th century may indeed be related to the continuous increase in CO 2 concentration since the industrial revolution [47] [48] [49] . However, tree growth response to increasing iWUE is likely to be region-, species-, and even climate scenario-specific [48, 50] . In our research area, the climate was relatively humid during the 1960s-1980s, and therefore iWUE values were relative stable because of the high photosynthesis and stomatal conductance. This is likely to have allowed trees to take advantage of the higher carbon availability and thus maintain high BAI levels. However, since the early 1980s, climate has become drier in our study areas, as suggested by the inversion of the relationship between iWUE and growth for F. hodginsii from 1985 to 2010. During this long-term drought, F. hodginsii trees seem to have adopted a conservative water-use strategy to maintain their metabolism by managing stomatal conductance to minimize water loss, resulting in higher iWUE. Drought, in general, not only influences the water relations and hydraulic properties of plants, but also negatively affects photosynthesis [51] , which likely led to a reduction in the F. hodginsii stored carbon and a failure to maintain their normal physiological metabolic requirements, resulting in a decreasing growth trend. Increasing iWUE and decreasing radial growth can be strong evidence of warming-induced water stress [48, [52] [53] [54] . However, after 2011, climate conditions seem to have been more favorable for F. hodginsii's growth. Trees showed lower iWUE values and increasing BAI, which likely indicates increasing stomatal conductance and photosynthate storage. This stresses again the importance of environmental variables, especially of those associated with water stress, on F. hodginsii's growth patterns. The unprecedented increase in iWUE and concurrent decrease of BAI in the extremely drought years in early 21 st century and the rapid increase in BAI and relatively constant iWUE with diminishing sensitivity to escalating C a afterwards, suggest that F. hodginsii trees are very sensitive to present and future increases in drought stress.
Possible Mechanisms of Tree Mortality
The catastrophic mortality event without counterbalancing recruitment [12] and the decrease in tree growth since 2004 (at a minimum value since 1865), indicate that the increase in tree mortality recorded in recent years is likely caused by increasing drought. The main physiological mechanisms for trees to cope with severe drought are the capacity to accumulate sufficient carbohydrate [55] [56] [57] , a lower vulnerability to hydraulic failure [42, 55, 58, 59] , or a combination of both [55] . In the case of some evergreen tree species, such as F. hodginsii, it is likely that chronic water stress and prolonged stomatal closure may lead to a reduced photosynthetic rate which also results in a further decrease in stored carbon as respiration continues. Carbohydrate reserves can be then further reduced as carbohydrates are still required to drive phloem transport, maintain turgor, and refill embolized xylem during drought [55] . Thus, reduced carbon storage and available water also affect the tree's defensive ability, and mortality occurs soon as one or more of these processes reach a threshold, with feedback mechanisms potentially hastening this process [55] .
Additionally, the high frequency of missing rings during this period, and its absence in previous ones, further supports the idea that climate warming and localized drought is affecting these trees. Missing rings, also known as locally absent rings, are an adaptive mechanism that potentially increases survival rates in extreme drought conditions when the trees exhibit reduced respiratory demand, by decreasing the risk of hydraulic failure [60] . However, the repeated occurrence of missing rings over a short period of time is a strong indicator that trees are frequently encountering environmental conditions outside of its survival limit [61] . If the climate continues to dry in the future, as predicted, it may eventually cause large mortality event of mature F. hodginsii due to carbon starvation. It is still unclear why drought tends to have a strong effect on old F. hodginsii trees. Perhaps old trees are more exposed to environmental conditions because old trees with crowns above the canopy are exposed to higher solar radiation and leaf-to-air vapor pressure deficits than younger ones (Supporting Information Figure S4 ) [62, 63] . It is also possible that larger trees are more susceptible to water stress, carbon starvation, and biotic agents than the younger lot, because the limiting photosynthesis and carbon storage adaptations brought on by drought [62, 64] are also generally affected by tree height [65] . Currently, we cannot conclude whether changing climate was solely responsible for tree mortality, or whether other factors and interactions may also be important.
Implications for Forest Management and Future Research
Theoretically, iWUE is the ratio between net assimilation and stomatal conductance. Here, we showed a reduction in stomatal conductance likely caused by rising in drought stress. Since the mid-1980s, warmer and drier conditions in our study area seemed to have caused an increase in VPD, a decrease in RH and PDSI, reduced stomatal conductance, thus leading to higher δ 13 C and iWUE. Previous studies in other areas of China, such as the western Tianshan Mountains and Xinglong Mountains, have reached similar conclusions [66] .
Considering that current climatic projections predict a higher likelihood of stronger and longer drought events [4] , important changes in forest growth, biomass, and species composition have to be expected. These impacts can have dramatic consequences, especially for drought-sensitive endangered species, such as F. hodginsii in the subtropical coniferous forest of China. The few remnant patches of old-growth F. hodginsii forests existing in China are likely to suffer if these predictions realize. It has been suggested by some studies that reducing stand density (via thinning) could slow down the process of tree decline and mortality related to drought (e.g., in dry Mediterranean ecosystems) [67, 68] . This could be an interesting management option for F. hodginsii forest. However, experimental thinning treatments are still necessary before we can discern whether reducing F. hodginsii (or associated species) density would reduce water stress, or lower density would result in higher evaporation and reduction in hydraulic diversity, a key factor for forests to withstand drought [69] . Therefore, further work in these ecosystems is needed to be able to inform the best management strategies to reduce the negative effects of climate change on these populations. The best protection and conservation strategies for these old-growth forests should be scientifically informed if we aim to maintain the high biological and structural diversity of these areas. It is also important to note the value of these old-growth conifer forest as ecological monitoring sites [70] to continue monitoring the potential impacts of increased drought stress, improve the classification of ecological zoning, and develop more adaptive mitigation strategies to sustain Southern China's subtropical forests.
Conclusions
By combining annually resolved tree-ring growth and isotope records of dead and surviving F. hodginsii, we provided new insights into the relationships and sensitivity of tree growth to historical and current climate, and explored the underlying mechanism of drought-induced mortality of F. hodginsii. Our results suggest that carbon assimilation and radial growth are strongly drought-limited. For example, the water accumulated from previous growing seasons affected early growth in subsequent years. The stable relationship between radial growth and iWUE in the 1960s-1980s illustrates that trees can benefit from suitable climate conditions. However, warm and dry conditions between 1985 and 2010 severely affected radial growth, increased iWUE, and decreased tree sensitivity to elevated C a . The strong response of F. hodginsii's radial growth and associated tree mortality to the early 21st century water limitations does not paint an optimistic future for the species, of which only remnant patches remain within some protected areas. Given that drought in the region is expected to further increase in frequency and intensity in the near future, urgent measures should be taken to ensure the preservation of this valuable tree species. 
